Introduction {#s001}
============

Global incidence rates of thyroid cancer have rapidly increased in recent years ([@B1]). In Saudi Arabia, thyroid cancer accounts for 11.5% of all cancers and is the second most common cancer affecting Saudi females after breast cancer ([@B2]). Among different histological subtypes of thyroid cancer, papillary thyroid cancer (PTC) is the most common cancer, accounting for up to 80% of all newly diagnosed thyroid carcinoma cases ([@B3]).

Although metastasis to regional or local lymph nodes is common, distant metastasis is a less frequent event and occurs in less than 6% of patients ([@B4]). Furthermore, despite the usually favorable prognosis of PTC following appropriate treatment ([@B8],[@B9]), distant metastasis is the most common cause of thyroid cancer-related mortality ([@B10],[@B11]). Surgery and radioiodine therapy are the major treatment modalities in patients with ^131^I uptake ([@B12],[@B13]), including patients demonstrating progressive disease and distant metastasis. Therefore, identifying new molecular targets and proposing new treatment modalities are clearly needed for patients with distant metastasis. There is a considerable lack of molecular profiling in metastatic PTC, where focus has typically been limited to primary thyroid lesions ([@B14]).

Exome sequencing of solid tumors has been previously used to investigate the clonal relationship between primary tumors and metastasis in several cancers, including breast, colorectal, endometrial, urothelial, and hepatocellular carcinomas ([@B17]), but has yet to be explored in thyroid cancer. Comparing distant metastasis with their corresponding primary tumor from PTC patients could uncover differences in their somatic genetic alterations. This can be relevant to a precision medicine approach in the clinical management of PTC patients with metastasis.

In this study, we undertook genomic sequence analysis of primary PTC and their distant metastatic deposits (lung, bone, kidney, and brain), in patients who presented with metastatic disease that was present at initial diagnosis before therapy, or metastases that developed after receiving initial therapy. Our aim was to determine differences in the repertoire of somatic mutations, copy number alterations (CNAs), and mutational signatures between primary PTC and their distant metastases.

Methods {#s002}
=======

Clinical samples {#s003}
----------------

We performed whole-exome sequencing (WES) on 42 trios of patient-matched distant metastases, primary tumors, and normal samples, collected during the course of clinical care (e.g., for diagnosis, symptoms control, or restaging) from 14 patients at the King Faisal Specialist Hospital and Research Centre from the Department of Pathology. Nine of these patients presented with metastasis at initial diagnosis before therapy (cases: 1, 3, 4, 6, 7, 8, 10, 12, and 14), while five (cases: 2, 5, 9, 11, and 13) developed distant metastasis after a median of 37 months post-therapy (surgery followed by radioactive iodine). The clinicopathological details of these patients are summarized in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}. This study was approved by the Research Advisory Council (RAC) of the hospital, under project RAC No. 2110 031.

DNA extraction and WES {#s004}
----------------------

DNA was extracted from formalin-fixed paraffin-embedded tissue blocks by performing punches in the corresponding tissue areas and extraction with the Gentra DNA isolation kit (Gentra, Minneapolis, MN) following the manufacturer\'s recommendations. WES was executed using SureSelectXT Target Enrichment (Agilent) on Illumina NovaSeq 6000. Sequencing reads were aligned to the human reference genome hg19 using Burrows-Wheeler Aligner v0.7.15 ([@B26]) algorithm with default settings, followed by local realignment and polymerase chain reaction duplicate marking via Picard tools (v1.119). Base-quality recalibration and calculation of coverage metrics were performed with GATK v3.8.0 ([@B27]). All cases passed internal quality control and quality matrix. By means of tumor-normal bam files, somatic single nucleotide variations (SNVs) were identified using MuTect v1.1.7 ([@B28]), while somatic small insertions and deletions (indels) were identified using VarScan v2.3.9 ([@B29]). Identified variants were annotated using ANNOVAR ([@B30]). In addition to passing the standard MuTect and VarScan filters, variants presenting with the following features were excluded: common single nucleotide polymorphisms (SNPs) with a minor allele frequency of \>0.05, as documented in dbSNP, the National Heart, Lung, and Blood Institute exome sequencing project, 1000 Genomes, and in our in-house data from exome sequencing of ∼700 normal samples; noncoding region variants; and variants in repetitive regions. Mutations were also manually checked using the Integrated Genomics Viewer v2.4.10 to filter out false positives. All potentially deleterious variants were validated by Sanger sequencing as previously described ([@B31]).

Gene copy number profiling and cancer cell fraction {#s005}
---------------------------------------------------

FACETS v0.5.13 ([@B32]) was used to determine CNAs and regions of loss of heterozygosity (LOH), while outputs generated by MuTect and VarScan were utilized to calculate mean allelic frequency. CNA and SNV data were analyzed by ABSOLUTE v1.0.6 ([@B33]) to define the integer copy number, tumor purity, and cancer cell fractions (CCFs). CNAs were further defined as gains, amplifications, or homozygous deletions, in relation to the average ploidy of all samples from a given patient using the modal copy number for each segment from ABSOLUTE. Copy number segments with a modal copy number greater than the average sample ploidy +1 or average sample ploidy +3 were considered gains and amplifications, respectively; while copy number segments with a modal copy number less than the average ploidy −1 were classified as losses, and modal copy numbers of 0 as homozygous deletions. CCF estimates for amplifications were disregarded as it increases exponentially with the number of absolute copy numbers.

Defining pathogenicity {#s006}
----------------------

To delineate the potential functional effect of the generated missense SNVs, different algorithms were used such as MutationTaster ([@B34]), CHASM ([@B35]), and FATHMM ([@B36]) for variant classification. Missense variants classified as nondeleterious by MutationTaster and CHASM (thyroid) were considered likely passengers. The missense variants predicted to be "driver" and/or "cancer" by CHASM (thyroid) and/or FATHMM, respectively, were classified as likely pathogenic. Neutral inframe indels established using MutationTaster and PROVEAN ([@B37]) were considered likely passengers. Inframe and frameshift indels, splice site, and nonsense mutations were considered likely pathogenic if these mutations were associated with loss of wild-type allele (i.e., LOH) or affected haploinsufficiency genes ([@B38]). SNVs occurring in hot spot residues ([@B39]) were also considered likely pathogenic. Cancer genes were annotated based on previously published studies ([@B40]). All mutations not defined as potentially pathogenic or likely passenger mutations were classified as indeterminate pathogenic.

Classification and enrichment of mutations in primary and metastatic lesions {#s007}
----------------------------------------------------------------------------

Mutations specific to metastatic lesions were defined as those present in metastatic biopsy, but absent in the corresponding primary tumor, whereas mutations enriched in the metastatic lesion were defined as those exhibiting a minimum 20% increase in metastatic CCF compared with the primary tumor. The opposite was applied for mutations specific to and enriched in the primary tumor.

Analysis of pathways associated with the metastatic process {#s008}
-----------------------------------------------------------

Prospective pathways associated with the metastatic process were identified using Ingenuity Pathway Analysis (IPA) and g:Profiler ([@B43])---by analyzing genes with likely pathogenic mutations specific to and/or enriched in the metastatic lesion, including those associated with LOH in metastasis but not associated with LOH in the matched primary tumor.

Mutational signatures {#s009}
---------------------

Mutational signatures were predicted using the deconstructSigs package ([@B44]) and illustrated according to the 96 substitution classification defined by the substitution classes (C\>A, C\>G, C\>T, T\>A, T\>C, and T \> G bins). The signatures were compared with 21 mutational signatures previously reported in different cancer types ([@B45]).

Statistical analyses {#s010}
--------------------

All statistical analyses were executed in IBM SPSS Statistics (v.21). Mann--Whitney U and Fisher\'s exact tests were utilized to compare continuous and categorical variables, respectively. Spearman\'s rank correlation tests were used to determine associations. All statistical tests were two-tailed, where *p* \< 0.05 was considered statistically significant.

Results {#s011}
=======

Genetic heterogeneity in primary PTC and distant metastatic tissue {#s012}
------------------------------------------------------------------

All primary tumors were surgically resected before the administration of any therapeutic regimen, followed by either the resection of therapy-naive metastatic tumor or post-therapy metastatic tumor. Hence, "treatment-naive" and "post-therapy" only refers to metastatic tumors, where nine treatment-naive and five post-therapy PTC patients with their corresponding treatment-naive primary tumors of different histological subtypes were tested. We first sought to determine whether the repertoire of somatic genetic alterations in biopsies of primary tumors and their respective metastases (bone, *n* = 6; lung, *n* = 2; and brain, *n* = 1) in treatment-naive patients would differ from biopsies of primary tumors and their respective metastases (bone, *n* = 3; kidney, *n* = 1; and lung, *n* = 1) after receiving systemic ^131^I therapy. WES was performed to a median depth of 169x (range 147x--198x) in primary biopsies, 167x (range 143x--185x) in metastases, and 173x (range 139x--517x) in matched normal tissues. The analysis revealed the presence of 356 primary and 351 metastatic somatic mutations. Interestingly, the mutation burden showed no difference between treatment-naive and post-therapy biopsies with the median number of mutations being 24.5 (range 3--49) in naive and 24.5 (range 10--61) in post-therapy samples (*p* = 0.724) ([Fig. 1A](#f1){ref-type="fig"}). However, we observed a difference in hotspot mitogen-activated protein (MAP)-kinase mutations between treatment-naive and post-treatment metastases. A higher proportion of *NRAS*-mutant cases were observed with 55.5% found in treatment-naive metastatic tumors compared with only 20% found in post-treatment metastatic tumors. *BRAF* mutations were observed only in post-therapy metastases (14%). No significant association was noted between number of mutations and clinicopathological parameters such as age, stage, or histological subtype ([Supplementary Table S2](#SD2){ref-type="supplementary-material"}).

![Heterogeneity and somatic mutations specific to primary, metastatic tumors, and shared between both lesions. (**A**) Number of somatic mutations identified in primary tumors and metastatic lesions. The dashed line shows a shared median of 24.5 mutations in both the primary tumors and the metastatic lesions. (**B**) Venn diagrams demonstrate the number of somatic mutations and likely pathogenic mutations specific to the primary tumor, metastases, and mutations present in both lesions. The number of likely pathogenic mutations is shown in parenthesis. Labeled genes with likely pathogenic mutations in noncancer genes are colored red, while those affecting cancer genes are colored blue. Color images are available online.](thy.2019.0052_figure1){#f1}

Mutations with a high likelihood of being pathogenic (31 mutations in primary and 36 in metastasis) were validated by Sanger sequencing, confirming 24 (77.4%) and 32 (89%) mutations in primary and metastatic deposits, respectively. We compared the range of mutations detected in the primary and metastatic lesions from each patient, which revealed a median of 41% (range 8--79%) of somatic mutations in common ([Fig. 1B](#f1){ref-type="fig"}). Importantly, however, noticeable heterogeneity was observed with a median of 55% (38--90%) and a median of 62% (21--92%) of mutations restricted to the primary tumor and the metastasis, respectively ([Fig. 1B](#f1){ref-type="fig"}). Furthermore, a median of 39% (range 6--61%) and 31% (range 5--50%) variant allele frequency (VAF) was observed for the somatic mutations found in the primary and metastasis, respectively ([Supplementary Fig. S1](#SD3){ref-type="supplementary-material"}).

Distinct repertoire of genetic alterations in primary PTC and metastatic tissue {#s013}
-------------------------------------------------------------------------------

Previous genomic landscaping studies, including The Cancer Genome Atlas (TCGA), have only identified hotspot mutations or cancer genes in primary PTC tumors, but not in metastatic tissues. Therefore, our study focused on analyzing biopsies of primary PTC and distant metastases to compare the array of somatic mutations. Previously, *TERT* promoter mutations, in isolation and/or in combination with other driver mutations such as *BRAF^V600E^*, have been shown to play an important role in the development of a more aggressive phenotype and the development of metastases ([@B46]). The limitation of our exome sequencing approach limits the analyses to exonic mutations, not covering intronic or other regions. This prompted us to complement our study by analyzing the samples for the presence of *TERT* promoter mutations via Sanger sequencing in both primary PTC and their corresponding metastatic tumors. We found 50% of primary and 64.3% of metastatic tissues harboring a *TERT* 228C\>T mutation (*p* = 0.45428), of which 22.2% of metastases also harbored *BRAF* mutations (*p* = 0.7764). The absence of significant difference in *TERT* promoter mutations between primary tumor and metastasis may be due to the limited cohort involved in this study to highlight the role of *TERT* mutations, which has been previously identified in large studies on advanced thyroid carcinomas ([@B46]).

We identified a median of 2 (range 0--4) likely pathogenic mutations per case (primary and/or metastasis), including a median of 1 (range 0--3) likely pathogenic mutation in cancer genes ([Fig. 2](#f2){ref-type="fig"} and [Supplementary Fig. S2](#SD4){ref-type="supplementary-material"}). Ten cases harbored a single hotspot mutation each, eight of which were shared between primary and metastasis, namely *NRAS*^*Q61R*^ (five cases), *BRAF^V600E^* (two cases), and *HRAS*^*Q61R*^ (one case). Moreover, *NRAS* and *HRAS*^*Q61K*^ mutations were found restricted to two cases of metastatic PTC. Similarly, *TP53*^*R342\**^ mutation was found restricted in a single case of primary PTC, whereas*TP53*^*R248W*^ was found restricted in a single case of metastatic PTC ([Supplementary Table S3](#SD5){ref-type="supplementary-material"}). Driver mutations tend to be clonal, that is, present in virtually 100% tumor cells ([@B50],[@B51]). Among all likely pathogenic mutations affecting cancer genes, 20/29 (69%) were found in biopsies of both the primary tumor and the metastases, of which 16/29 (55%) were clonal in both ([Fig. 3A, B](#f3){ref-type="fig"}). All *BRAF* (*n* = 2), *HRAS* (*n* = 1), and three cases of *NRAS* mutations were clonal in both biopsies. We also identified clonal mutations that are likely pathogenic, affecting the cancer genes *DNMT3A* and *INPPL1* in a single pair of a primary tumor with its corresponding metastasis ([Supplementary Table S3](#SD5){ref-type="supplementary-material"}).

![Genetic repertoire of somatic mutations in primary and metastatic lesions. Heat maps show the CCF of somatic mutations demonstrated by the ABSOLUTE algorithm with their presence (blue, see color key for the CCF percentage) or absence (light gray) in the primary and metastatic deposits. Likely pathogenic mutations are indicated by red circles, and the affected genes are shown for each lesion. Likely pathogenic mutations affecting cancer genes are indicated by blue circles in each lesion, labeled in blue. CCF, cancer cell fraction. Color images are available online.](thy.2019.0052_figure2){#f2}

![Clonality in primary and metastatic lesions of papillary thyroid carcinoma. (**A**) Figure showing the distribution of mutations shared in the category of likely pathogenic (cancer genes), likely pathogenic (other genes), indeterminate pathogenicity, likely passenger, and synonymous mutations between primary and metastatic lesions. (**B**) Figure displaying the distribution of clonal mutations shared in the category of likely pathogenic (cancer genes), likely pathogenic (other genes), indeterminate pathogenicity, likely passenger, and synonymous mutations between primary and metastatic lesions. Color images are available online.](thy.2019.0052_figure3){#f3}

Despite limited heterogeneity in the repertoire of hotspot mutations or mutations affecting known cancer genes between primary tumors and their respective metastases, two cases presented likely pathogenic mutations affecting cancer genes restricted to metastatic lesions, namely *CHD4* (case 13) and *SIN3A* (case 10)---neither of which was associated with LOH ([Fig. 2](#f2){ref-type="fig"}). Notably, these mutations were not identified in the primary tumors even with a second anatomically distinct biopsy ([Supplementary Table S4](#SD6){ref-type="supplementary-material"}).

Concurring with the hypothesis that heterogeneity would preferentially affect passenger alterations ([@B52]), we found that mutations of indeterminate pathogenicity, likely passenger and synonymous mutations, were less frequently shared between primary and metastasis comparing to the likely pathogenic mutations in cancer genes (37.6%, 34.7%, and 36.4% vs. 69% and *p* = 0.0010, *p* = 0.0006, and *p* = 0.0008, respectively) (Fisher\'s exact test; [Fig. 3A, B](#f3){ref-type="fig"}). Interestingly, the likely pathogenic mutations (affecting a cancer gene) were more frequently synchronously present or clonal in biopsies of both lesions than indeterminate/likely passenger/synonymous mutations (69% vs. 36.5% and 55.2% vs. 21%, *p* = 0.0004 and *p* \< 0.0001, respectively) (Fisher\'s exact test; [Fig. 3A, B](#f3){ref-type="fig"}).

Copy number analysis indicated sharing of CNAs in 42% (22/52) of focal amplifications and homozygous deletions in both lesions, including amplifications affecting *AKT1* (case 14), *CARD11* (case 14), and *BAP1* (case 4). A biallelic deletion of the *SHCBP1* gene was observed in a single case (case 1); it was shared between the primary tumor and its metastasis ([Fig. 4](#f4){ref-type="fig"}, [Supplementary Fig. S3](#SD7){ref-type="supplementary-material"}, and [Supplementary Table S5](#SD8){ref-type="supplementary-material"}). Noticeable differences between the primary tumor and the metastasis were observed with 7.4% (2/27) and 55.6% (15/27) amplifications, and 36% (9/25) and 16% (4/25) biallelic deletions specific for the primary and metastatic lesions, respectively ([Supplementary Table S6](#SD9){ref-type="supplementary-material"}).

![CNAs in primary and metastatic deposits. Figure demonstrates CNAs between primary and metastatic lesions highlighted with different color keys (blue: deletion, light blue: loss; white: neutral; light red: gain; red: amplification). CNAs, copy number alterations. Color images are available online.](thy.2019.0052_figure4){#f4}

Pathway analysis of genes restricted to metastases {#s014}
--------------------------------------------------

In seven cases, likely pathogenic mutations were found restricted to the metastasis, affecting the *ACACB*, *CHD4*, *EOMES*, *FOXE1*, *GATA2*, *HRAS*, *NRAS*, *RBBP7*, *SIN3A*, *TMEM67*, *TP53*, and *TYR* genes ([Supplementary Table S4](#SD6){ref-type="supplementary-material"}). The mutations in these genes were absent in second anatomically distinct biopsies. These genes were investigated for the potential association with specific biological pathways. Using IPA, genes with likely pathogenic mutations specific to or enriched in metastasis demonstrated that DNA Methylation Pathway genes were significantly associated with the metastatic process (*p* \< 0.0001; [Fig. 5](#f5){ref-type="fig"} and [Supplementary Table S7](#SD2){ref-type="supplementary-material"}). Genes restricted to the DNA Methylation Pathway were found in three cases, including *CHD4* (case 13), *SIN3A* (case 10), and *RBBP7* (case 6), all of which were completely absent in the two distinct primary biopsies. A further three genes (*NRAS*, *HRAS*, and *TP53*), showing greater than 1% frequency in primary thyroid cancer in TCGA, were filtered out, and the remaining nine genes were analyzed for pathway association. Remarkably, DNA Methylation Pathway remained the prime candidate in both IPA and g:Profiler (*p* \< 0.0001 and 0.0269).

![Likely pathogenic mutations restricted in the metastases affect DNA methylation and transcriptional repression signaling pathway. Figure demonstrating the mechanism of genes involved in DNA methylation and repression signaling. The asterisk indicates mutated genes restricted to metastasis in the *CHD4* and *RBBP7* genes of the NuRD complex and *SIN3A* of the Sin3 complex. Color images are available online.](thy.2019.0052_figure5){#f5}

Evolutionary dynamics of somatic mutations and CNAs {#s015}
---------------------------------------------------

To explore evolutionary patterns of somatic SNVs and CNAs, the ABSOLUTE algorithm was employed to calculate the CCF of SNVs and CNAs. A median of 23% (range 4--60%) and 40% (range 0--65%) of subclonal SNVs were found in primary and metastatic tumors, respectively ([Fig. 6](#f6){ref-type="fig"} and [Supplementary Fig. S4](#SD10){ref-type="supplementary-material"}). Overall, no significant difference was observed in the mutation burden of subclonal mutations between primary and metastatic lesions (*p* = 0.265, Mann--Whitney U test), although we note that a nominally significant difference was observed in 12/14 cases (*p* = 0.039, Mann--Whitney U test). Very limited heterogeneity was observed for CNAs (excluding amplifications; see the [Methods](#s002){ref-type="sec"} section), with a median of 87% (range 29--100%) and 83% (30--100%) found to be clonal in the primary and the metastatic tissues, respectively ([Fig. 6](#f6){ref-type="fig"}). No significant difference or association was observed between the proportion of subclonal mutations or of subclonal CNAs within primary-metastasis pairs (all *p* \> 0.05, Mann--Whitney U and Spearman\'s correlation tests). Furthermore, no significant difference or association was observed between the VAFs of primary and the metastatic samples (*p* \> 0.05, Mann--Whitney U and Spearman\'s correlation tests). A proportion analysis of subclonal mutations and CNAs revealed no difference or correlation between different clinicopathological characteristics---such as treatment (naive and post-therapy), metastatic site biopsied (bone vs. lung), histological subtype (follicular vs. tall cell), age (\<45 vs. ≥45 years), and sex (all *p* \> 0.05, Mann--Whitney U and Spearman\'s correlation tests). These results suggest that the evolutionary patterns of SNVs and CNAs are distinct.

![Dynamics of somatic mutations and CNAs. The figure shows the CCFs of the somatic mutations (red and blue) and of the CNAs (orange, excluding amplifications; see the [Methods](#s002){ref-type="sec"} section). CCFs of the somatic mutations and the CNAs are sorted in increasing order. Color images are available online.](thy.2019.0052_figure6){#f6}

Mutational signature shift {#s016}
--------------------------

We compared the mutational signatures for mutations specific to or enriched in primary biopsies and mutations specific to or enriched in the metastatic tumors, to 21 mutational signatures previously reported in different cancer types ([@B45]), for 11 cases (3 cases were excluded from signature analysis due to insufficient number of mutations \[\<15\] to perform this analysis). A shift was observed in the most dominant signature (signature 1a associated with aging) in eight cases. Signature 6 associated with DNA mismatch repair (MMR) deficiency and signature 11 associated with temozolomide were found specific to the metastatic process in five cases. Signature 15 was observed in two cases found specific to primary and metastatic lesions, respectively ([Fig. 7](#f7){ref-type="fig"} and [Supplementary Fig. S5](#SD11){ref-type="supplementary-material"}). Mutational signatures were not consistent, as signature shifts did not occur in any particular direction, with observed patterns varying between mutations specific to or enriched in the primary and mutations specific to or enriched in metastasis.

![Mutational signatures in primary tumor and metastasis. (**A**) Mutational signatures of the tumor samples analyzed for the mutations enriched in the primary tumor (green) and mutations enriched in the metastatic lesions (orange). The similarity of each mutational signature is annotated according to the signature fraction and is indicated in blue according to the color key. (**B**) Plots demonstrating the mutational signatures of the mutations enriched in the primary tumor and the metastatic lesion of cases 4, 5, 6, 8, 10, 12, and 14. The figure shows each mutational signature according to the 96 substitution classification defined by the substitution classes (C\>A, C\>G, C\>T, T\>A, T\>C, and T \> G bins). Color images are available online.](thy.2019.0052_figure7){#f7}

Discussion {#s017}
==========

Precision medicine in cancer involves tailoring the best therapy based on specific genomic alterations in the patient\'s tumor ([@B53]). WES analysis of the primary tumor and their matched metastasis can potentially identify novel metastasis-associated mutations and pathways. Although PTC is a typically curable cancer with distant metastasis occurring in less than 6%, it is the most frequent cause of thyroid cancer-related deaths ([@B6]).

Previous studies have attempted to identify reliable markers for predicting the metastatic spreading of PTC ([@B54],[@B55]); however, none of these studies were based on simultaneous analysis of paired primary PTCs and their metastases using WES. The comparison analysis with TCGA data ([@B31]) showed a median of 24.5 (range 8--62) mutations in our primary cases, while a median of 15 (range 2--87) mutations were found in TCGA data. We found a median of 2 (range 1--5) and 1 (range 1--7) likely pathogenic mutations in our data and TCGA, respectively. With respect to mutations in cancer genes, a median of 2 (range 1--5) and 1 (range 1--6) were found in our primary cases and TCGA, respectively. Known driver gene (*BRAF*, *NRAS*, *HRAS*, and *TP53*) alterations were observed in 64.3% in our primary PTC and 71.6% in TCGA. We present the first WES analysis of genetic changes in primary PTC and their distant metastases.

Striking heterogeneity was observed between biopsies of paired primary tumors and metastases, with a median of only 40.5% mutations shared between any two biopsies. We also demonstrate that pathogenic mutations affecting MAP kinase pathway genes were present in 57% of primary tumors and their respective metastases, with only two cases harboring metastasis-restricted MAP kinase mutations (*HRAS*^*Q61K*^ \[*n* = 1\] and *NRAS*^*Q61K*^ \[*n* = 1\]). However, likely pathogenic mutations in the *ACACB*, *CHD4*, *EOMES*, *FOXE1*, *GATA2*, *RBBP7*, *SIN3A*, *TMEM67*, *TP53*, and *TYR* genes were found only in the metastases that were present at initial diagnosis before therapy, despite a second anatomically distinct diagnostic biopsy of the respective primary tumors. Taken together, these findings suggest that while most of the divergence between metastasis and their corresponding primary PTC tumors is attributed to passenger mutations, a few mutational driver events may play a role in metastasis development and evolution. We have previously reported the role of somatic *TG* mutations in metastatic PTC tissues ([@B31]). de Biase *et al.* have shown that despite the clinical aggressiveness of distant metastatic PTCs, they tend to have a low mutational load, comparable to nonmetastatic PTCs. They also found frequent mutations in the *MED12* and *MET* genes in metastatic PTCs ([@B54]). Other genes reported to play a role in metastatic behavior of PTCs include *TERT*, *ATM*, *RAS*, and *RET/PTC* ([@B8],[@B56]). Gandolfi *et al.* in their study of metastatic PTC found that the THYT1 genetic signature, comprising of duplications in chromosomal regions 1q and 5p (harboring the *TERT* genomic locus), and *TERT* promoter mutations, was a highly specific marker of distant metastasis in PTCs ([@B59]).

We did not observe any specific pattern in terms of the number of mutations or mutational signature in the nine bone metastases or three lung metastases. Neither was there any significant association between the number of mutations and clinicopathological parameters, such as age, stage, or histological subtype. Furthermore, no significant difference was found in the number of mutations in therapy-naive metastases and post-therapy metastases. Interestingly, the lack of correlation among the repertoire of subclonal mutations and CNAs, between primary PTC and metastases, might indicate that somatic mutations and CNAs evolve independently. Several whole-exome studies have identified the increased association between mutational burden and aggressive clinical behavior in several solid tumors.

Previous genomic landscaping of PTC in the TCGA ([@B60]) has identified no correlation between mutation burden and any aggressive clinical features such as advanced stage, high-grade tumor, or aggressive histological subtypes. This is in concordance with our previous PTC landscape study ([@B31]) where the mutation burden had no effect on any clinical or pathological phenotype, which could be due to the quietness of this tumor and the overall low mutation burden involved in the tumorigenesis.

Importantly, we have identified likely pathogenic metastasis-restricted mutations such as *CHD4*, *RBBP7*, and *SIN3A* that affect DNA methylation and transcriptional repression signaling pathways, which raises the possibility of their involvement in tumor dissemination. The role of epigenetic deregulation in cancer has been well established ([@B61]); however, with the use of next-generation sequencing technologies, the underlying epigenetic mechanisms pertaining to dysfunction are becoming further evident. Indeed, several exome sequencing studies have demonstrated an important role of mutations in genes encoding epigenetic modifiers in many cancers such as renal cell carcinoma and adenoid cystic carcinoma ([@B66],[@B67]). Many tumor suppressor genes are silenced through synergistic layers of epigenetic regulation including abnormal DNA hypermethylation of promoter CpG islands, repressive chromatin modifications, and enhanced nucleosome deposition over transcription start sites ([@B68]). Two main forms of chromatin are present in the human genome, either in a condensed transcriptionally inactive form known as heterochromatin or as the transcriptionally active version, that is, euchromatin. Nucleosomes, which are octametric structures composed of two types of histones (H3, H4) with 147 bp of DNA wrapped around them, are the functional units of chromatin ([@B69]). Chromatin remodeling and histone modification have emerged as the main mechanism of gene expression regulation. Transcriptionally active chromatin is associated with hyperacetylation of histones ([@B70]), while the chromatin inactive region is enriched in deacetylated histones ([@B71]). The acetylation status of histones at specific DNA regulatory sequences depends on the recruitment of histone acetyltransferases or histone deacetylase activities, usually as part of large multiprotein complex of coactivators or corepressors, respectively ([@B71]).

Several corepressor complexes, capable of interacting with several transcriptional repressors, have been identified, such as the Sin3 complex and NuRD complex (containing *CHD4*, *RBB4*/7, and *MTA-1*,*-2*,*-3* subunits) ([@B72],[@B73]). Along with altered epigenomes, often only a few yet potent mutations in selected genes drive tumorigenesis in several neoplasms. While many cancers demonstrate genetic alterations in histone modifiers, some cancers harbor mutations in DNA methylation regulators, whereas others such as glioma and leukemia show a high prevalence of alterations in chromatin modifiers ([@B74]). The development of metastatic lesions has not yet been associated with any specific recurrent mutation. This raises the interesting possibility that the perturbation of only a selected number of pathways, such as the repression of select signaling pathways and alteration of DNA methylation, may be involved in metastatic dissemination of a tumor, as suggested by our data.

Mutational signatures in the cancer genome provide indication of mechanisms underlying neoplastic transformation ([@B75],[@B76]). According to Alexandrov *et al.*, molecular signature 2 and 5 are common in thyroid cancer ([@B45]). However, in our data, these signatures were only found in 2 of the primary PTC and a single metastatic case, with mutational signature 1 and 15 being most common in both primary tumors and their metastases. Furthermore, signature 6 (DNA MMR deficiency) and signature 11 (temozolomide) were observed in metastatic deposits and absent from their primary tissues in five patients. Particularly, mutational signature shifts in defective DNA repair seen in metastatic cases are of high importance. However, our study lacks the presence of multiple samples that could give us a better understanding of this shift between trunk mutations (mutations present in all biopsies of a patient) and non-trunk mutations (mutations present in selected biopsies of a patient). Currently, the genomic evolution of PTC, by using multiple biopsies at different time points to generate phylogenies, is being investigated in our laboratory.

Whether patients presenting with distant metastatic disease should have metastases biopsied to aid in therapeutic interventions is controversial ([@B77]). Due to the challenging and invasive nature of many metastatic disease sites, bias is seen in our cohort toward sites with increased level of accessibility.

Conclusions {#s018}
===========

As in any cancer, PTC relentlessly exploits a vast mutational repertoire and series of gene pathways to ensure tumor development, survival, and ability to invade distant regions of the body. This leads to considerable variability in interpatient genomic profiles. Recruiting a large prospective cohort of patients with metastatic disease is crucial to map this complexity, along with the incorporation of transcriptional epigenomic and clinical associations. Our data demonstrate that such endeavor would potentially provide insights into the mechanisms of the metastatic process and identify pathways that could represent new therapeutic targets. Finally, our study confirms the interaction between cancer genomics and epigenetics, in support of ongoing developments in new epigenetic therapies.
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